Drug-drug interactions CYP2D6 Bupropion Enzyme regulation In vitro to in vivo extrapolation a b s t r a c t Bupropion is a widely used antidepressant and smoking cessation aid and a strong inhibitor of CYP2D6 in vivo. Bupropion is administered as a racemic mixture of R-and S-bupropion and has stereoselective pharmacokinetics. Four primary metabolites of bupropion, threo-and erythro-hydrobupropion and R,Rand S,S-OH-bupropion, circulate at higher concentrations than the parent drug and are believed to contribute to the efficacy and side effects of bupropion as well as to the CYP2D6 inhibition. However, bupropion and its metabolites are only weak inhibitors of CYP2D6 in vitro, and the magnitude of the in vivo drug-drug interactions (DDI) caused by bupropion cannot be explained by the in vitro data even when CYP2D6 inhibition by the metabolites is accounted for. The aim of this study was to quantitatively explain the in vivo CYP2D6 DDI magnitude by in vitro DDI data. Bupropion and its metabolites were found to inhibit CYP2D6 stereoselectively with up to 10-fold difference in inhibition potency between enantiomers. However, the reversible inhibition or active uptake into hepatocytes did not explain the in vivo DDIs. In HepG2 cells and in plated human hepatocytes bupropion and its metabolites were found to significantly downregulate CYP2D6 mRNA in a concentration dependent manner. The in vivo DDI was quantitatively predicted by significant down-regulation of CYP2D6 mRNA and reversible inhibition of CYP2D6 by bupropion and its metabolites. This study is the first example of a clinical DDI resulting from CYP down-regulation and first demonstration of a CYP2D6 interaction resulting from transcriptional regulation.
Introduction
Reliable identification of drug-drug interaction (DDI) risk and accurate prediction of the magnitude of clinical DDIs from in vitro data are critical in drug development [1, 2] . The decision to conduct dedicated DDI studies, and the design of the DDI studies during new drug development depend on accurate identification of DDI risk in in vitro studies. The cornerstone of DDI predictions is in vitro to in vivo extrapolation (IVIVE) of DDIs arising from reversible P450 inhibition. In vivo DDI risk is generally identified based on in vitro experiments once all inhibitory species, including metabolites, and different interaction sites including the gut are accounted for [3, 4] . Similarly, DDI risk is usually identified for time dependent inhibitors [3, 5] , transporter mediated DDIs [6] and for DDIs involving CYP induction [7] , but quantitative predictions in these areas are still challenging. Nevertheless, trust in DDI risk identification is overshadowed by clinically observed DDIs that cannot be predicted from in vitro data despite considerable in vitro research efforts [4] . An example of such DDI is the strong inhibition of CYP2D6 by bupropion in vivo, which cannot be predicted using current in vitro data.
Bupropion is a commonly used norepinephrine and dopamine reuptake inhibitor approved for use as an antidepressant [8] , smoking cessation aid [9] and weight loss therapy [10] . Bupropion is a strong in vivo CYP2D6 inhibitor increasing desipramine area under plasma concentration time curve (AUC) by 5.2-fold [11] . Bupropion also increases methamphetamine and venlafaxine exposures 1.5-and 3-fold, respectively [12, 13] , and results in phenoconversion from CYP2D6 extensive to poor metabolizer phenotype based on dextromethorphan/dextrorphan urinary ratio [14] . Based on the fraction metabolized by CYP2D6 (f m ) for desipramine (90% [15] ) and venlafaxine (80% [16] ), these DDIs can be explained by approximately 90% decrease in CYP2D6 activity following bupropion dosing. Yet, in vitro experiments underpredict this DDI by 2-5-fold [4, 11] , as in vitro inhibition of CYP2D6 by bupropion only predicts <10% inhibition of CYP2D6 in vivo [4] .
It has been widely accepted that inhibition of CYP2D6 by the major circulating metabolites of bupropion, hydroxybupropion (OH-bupropion), threo-hydrobupropion and erythrohydrobupropion ( Fig. 1) , can partially explain the in vivo CYP2D6 inhibition [4, 11] . While CYP2D6 DDI risk is missed when only bupropion is considered for DDI risk assessment, the DDI risk is captured when bupropion and its circulating metabolites are included [4, 11] . However, only a 1.4-fold increase in desipramine AUC is predicted based on in vitro inhibition constants of bupropion and its metabolites [4] , in comparison to the observed 5.2-fold increase, demonstrating a concerning 5-fold underprediction of the in vivo DDI. Liver partitioning of bupropion and its metabolites, based on whole body autoradiography studies in rats, has been proposed to explain the underprediction, but even after assuming 5-9-fold higher unbound liver than plasma concentrations of bupropion and its metabolites, only a 2.9-3.8-fold increase in desipramine AUC is predicted [11] . As such, existing IVIVE methods for DDI predictions have failed to appropriately identify the clinical DDI risk of bupropion, and the mechanisms of the CYP2D6 mediated DDIs precipitated by bupropion are still unknown.
Bupropion is administered as a racemic mixture of R-and Sbupropion ( Fig. 1 ) and shows stereoselective in vivo disposition with R-bupropion concentrations being significantly higher than S-bupropion [17, 18] . The lower concentrations and higher in vivo clearance of S-bupropion are predominantly explained by higher formation clearance of the major metabolite threohydrobupropion from S-bupropion [19] , and circulating concentrations of threo-hydrobupropion exceed bupropion concentrations considerably [20] . Similarly, R,R-OH-bupropion has up to 65-fold higher circulating concentrations than bupropion and S,S-OHbupropion following a single dose of bupropion [18] . The significant stereoselectivity in bupropion and its metabolite disposition, and the CYP2D6 inhibition by racemic bupropion and its metabolites suggest that stereoselective inhibition of CYP2D6 by bupropion and its metabolites may in part explain the underprediction of bupropion mediated DDIs. Yet, the stereoselective inhibition of CYP2D6 by bupropion and its metabolites has not been previously studied. It is also possible that additional metabolites of bupropion that exist in humans contribute to CYP2D6 inhibition in vivo. Recently, three new metabolites of bupropion, 4 0 OH-bupropion, threo-4 0 OH-hydrobupropion and erythro-4 0 OH-hydrobupropion were identified and characterized [19, 21] . Although the circulating concentrations of these metabolites are much lower than those of bupropion, it is possible that they are present in the liver at sufficient concentrations to contribute to CYP2D6 inhibition. 0 -OH-bupropion, threo-hydrobupropion and erythro-hydrobupropion. threo-and erythro-hydrobupropion are further metabolized to threo-and erythro-4 0 -OH-hydrobupropion.
metabolites is warranted. Finally, several recent studies have demonstrated that retinoic acid and the farnesoid X receptor agonist GW4064 downregulate CYP2D6 mRNA and protein expression in vitro in human liver models and in vivo in mice [22, 23] . Based on these data of transcriptional regulation of CYP2D6 by xenobiotics, it is possible that the in vivo DDIs caused by bupropion are also due to downregulation of CYP2D6 by bupropion and/or its metabolites. However, regulation of mRNA expression of any of the drug metabolizing CYPs by bupropion has not been previously studied. The aim of this study was to quantitatively explain the in vivo DDIs mediated by bupropion through characterization of the stereoselective CYP2D6 inhibition by bupropion and all of its known metabolites, and by determining whether bupropion and its metabolites affect CYP2D6 mRNA and protein expression.
Methods and materials

Chemicals and biological samples
Bupropion, R-bupropion, S-bupropion, OH-bupropion, R,R-OHbupropion, S,S-OH-bupropion, threo-hydrobupropion, erythrohydrobupropion, OH-bupropion-d 6 and m-chlorohippuric acid were purchased from Toronto Research Chemicals (Ontario, Canada). The enantiomeric purity of R-and S-bupropion used in the experiments was confirmed to be >97.5% in all lots used by chiral HPLC. 4
0 -OH-bupropion, threo-4 0 -OH-hydrobupropion and erythro-4 0 -OH-hydrobupropion were synthesized as previously described [21] . 
and GAPDH (4310884E) were purchased from Applied Biosystems-Thermo Fisher Scientific (Foster City, CA). b-Actin antibody (product #AC-15) was obtained from Abcam (Cambridge, MA). CYP2D6 antibody (product #458246) was obtained from Corning Gentest (Corning, NY). The secondary antibody, IRDye 680 (anti-mouse; product #925-68070) was obtained from LiCor, Inc. (Lincoln, NE). Human plasma samples for measurement of steady state bupropion and metabolite concentrations were obtained from a previously described clinical study [21] . The study was approved by the University of Washington institutional review board. The study population consisted of five female subjects who were taking bupropion XL chronically (150-450 mg/day) for therapeutic reasons. Steady state blood samples were obtained from each subject within 6 h of dosing, plasma separated from blood by centrifugation and plasma bupropion and metabolite concentrations measured.
LC/MS/MS quantification methods for bupropion and its metabolites
The concentrations of bupropion and its metabolites and stereoisomers as applicable were determined using an LC/MS/MS system consisting of an AB-Sciex API 4500 triple quadrupole mass spectrometer (AB Sciex, Foster City, CA) coupled with an LC-20AD ultra-fast liquid chromatography system (Shimadzu Co., Kyoto, Japan) as previously described [19, 21] ) . Bupropion and its metabolites in incubations and protein binding assays were separated as previously described [21] using an Agilent (Santa Clara, CA) ZORBAX XDB-C18 column (50 Â 2.1 mm, 5 lm), while for cell media samples bupropion, OH-bupropion, threo-hydrobupropion, erythro-hydrobupropion were separated using an Agilent (Santa Clara, CA) ZORBAX XDB-C18 column (150 Â 4.6 mm, 5 lm) as previously described [21] . For analysis of HepG2 cell media and plated hepatocyte media, 100 lL of 3:1 acetonitrile:methanol was added to 100 lL of media. HLM and suspension hepatocyte samples were protein precipitated with 100 lL of acetonitrile. All of the samples were centrifuged for 40 min at 3,000 g and the supernatant collected for analysis. For chiral analysis of bupropion and its metabolites in plasma, 160 lL of 3:1 acetonitrile:methanol were added to 40 lL of plasma. The chiral separation was achieved using an a-acid glycoprotein column (100 Â 2 mm, 5 lm) and a mobile phase consisting of 20 mM ammonium formate, pH 5.7 and methanol as previously described [19] . All bupropion and metabolite assays had 100 nM OHbupropion-d 6 , bupropion-d 9 , and threo-hydrobupropion-d 9 in the quenching solution as internal standards.
Determination of IC 50 of bupropion and its metabolites toward CYP2D6 in HLM
To determine IC 50 -values toward CYP2D6, R-and S-bupropion, R,R-and S,S-OH-bupropion, threo-hydrobupropion and erythrohydrobupropion at concentrations 0.5-1,000 lM were incubated in triplicate in 100 lL incubations with HLM (0.1 mg/mL) in 100 mM potassium phosphate buffer (KPi; pH 7.4) with dextromethorphan (1 lM) as a substrate and CYP2D6 probe. The mixtures were preincubated for 5 min at 37°C before initiating reactions with NADPH (1 mM, final concentration). Reactions were terminated after 5 min and the formation of dextrorphan as a CYP2D6 probe metabolite was measured by LC-MS/MS as previously described [24] , using 100 nM a-OH-midazolam-d 4 as an internal standard. All incubations were conducted under protein and time linearity. Interconversion of S-and R-bupropion was confirmed to be <5% in the incubations. The inhibition of CYP2D6 by 4 0 OH-bupropion, threo-4 0 OH-hydrobupropion and erythro-4 0 OHhydrobupropion was tested by incubating each of the bupropion metabolites at 50 lM test concentration with HLM (0.1 mg/mL) in 100 mM potassium phosphate buffer (KPi; pH 7.4) with dextromethorphan (1 lM) as a substrate and CYP2D6 probe. 
in which the total activity is the % activity in the absence of inhibitor, the nonspecific activity is the % activity remaining when maximum inhibition has been achieved and % control activity is the % activity observed at a given inhibitor concentration [I]. 
Unbound fraction determination
Protein binding of bupropion and its metabolites in plasma or HLM (0.1 mg/mL) was determined in triplicate using ultracentrifugation as described previously [26] . Due to the isomerization of bupropion, racemic bupropion was added to plasma or HLM and the individual enantiomers were measured. In HLMs, the concentrations of bupropion and its metabolites were around the IC 50 values determined towards CYP2D6: 20 lM for bupropion, 6 lM for R, R-OH-bupropion, 15 lM for S,S-OH-bupropion, 12.5 lM for threohydrobupropion and 5 lM for erythro-hydrobupropion. For plasma protein binding the concentrations used were around the average steady state concentrations (C ss,avg ) of bupropion and its metabolites: 0.5 lM for bupropion, 3 lM for R,R-OH-bupropion, 0.2 lM for S,S-OH-bupropion, 2 lM for threo-hydrobupropion and 0.5 lM for erythro-hydrobupropion.
HepG2 cell culture and mRNA analysis
HepG2 cells were cultured in 6-well plates (Corning Life Sciences, Corning, NY) and all experiments were conducted in triplicate. First, to test the effect of bupropion and its metabolites on CYP2D6 mRNA expression, cells were treated with vehicle (0.1% ethanol), bupropion (0.5 lM, 2.5 lM, 5 lM), R,R-OH-bupropion (5 lM, 25 lM, 50 lM), S,S-OH-bupropion (0.5 lM, 2.5 lM, 5 lM), erythro-hydrobupropion (0.5 lM, 2.5 lM, 5 lM) or threohydrobupropion (2 lM, 10 lM, 20 lM) for 72 h. The concentrations were chosen to be approximately 1, 5 and 10 times the observed C ss values following 300 mg/day bupropion dosing. Then to determine the EC 50 and E max values towards CYP2D6 mRNA, cells were treated with vehicle (0.1% ethanol), bupropion 25 lM, 50 lM) for 72 h. Racemic bupropion was used in these experiments due to the rapid chiral inversion of bupropion stereoisomers in in vitro systems. Every 24 h, media was aspirated and replaced with new media containing the test compound. At 72 h, cells were harvested for mRNA analysis.
CYP2D6 and SHP mRNA were quantified using q-RT-PCR (StepOnePlus TM , Applied Biosystems, Carlsbad, CA) as previously described [27] using GAPDH as a housekeeping gene. Cells were harvested using Tri-reagent (Invitrogen, Grand Island, NY) and mRNA extracted according to the manufacturer's recommendations. All samples were analyzed in triplicate. One-way ANOVA with post hoc Tukey's test was used to test for significance of changes in CYP2D6 mRNA and activity in comparison to control.
The concentration-response relationship of downregulation of CYP2D6 in HepG2 cells was quantitatively analyzed using methods adapted from CYP induction analysis [28] and using similar methodology as previously described [29] . For erythrohydrobupropion, S,S-OH-bupropion, threo-hydrobupropion and bupropion, the CYP2D6 downregulation followed a dose-response relationship, and the maximal fold downregulation (E max ), and the concentration causing 50% of the maximum downregulation (EC 50 ) were estimated using Eq. (2)
in which E is the fraction of the original mRNA expression remaining following treatment with bupropion or its metabolites at a concentration [I] , and E 0 is the fraction of CYP2D6 mRNA expression in the absence of treatment with bupropion or its metabolites (E 0 = 1). For R,R-OH-bupropion, the relationship between magnitude of downregulation and precipitant concentration was linear over the concentration range used and no E max and EC 50 could be reached within the test concentrations. Therefore the initial downregulation slope was determined using linear regression as previously described [28] according to Eq. (3).
In vitro constants were calculated using nonlinear least-squares analysis or nonlinear regression analysis in GraphPad Prism (San Diego, CA).
Western blot analysis
HepG2 cells were cultured in 12-well plates (Corning Life Sciences, Corning, NY) and all experiments were conducted in triplicate. To test the effect of bupropion and its metabolites on CYP2D6 protein expression, cells were treated with vehicle (0.1% ethanol), erythro-hydrobupropion (5 lM), threo-hydrobupropion (20 lM), R,R-OH-bupropion (20 lM), S,S-OH-bupropion (5 lM) or bupropion (5 lM) for 72 h. Every 24 h, media was aspirated and replaced with new media containing the test compound. At 72 h, cells were harvested for protein analysis. Western blot analysis was done to measure CYP2D6 expression with b-actin as a loading control as previously described [27] . In brief, for western blotting, proteins from HepG2 cells were extracted as whole cell extract using whole cell lysis buffer in the presence of protease (Roche Applied Science, Indianapolis, IN) and phosphatase inhibitors (1 mM b-glycerol phosphate, 2.5 mM Na-pyrophosphate, 1 mM Na 3 VO 4 ). Protein concentrations were measured by BCA protein assay. Whole cell protein extracts were separated by SDSpolyacrylamide gel electrophoresis (NuPAGE-Novex 4-12% polyacrylamide Bis-Tris gel, Life Science Technologies, Carlsbad, CA) and transferred to nitrocellulose membranes. Blots were incubated with primary antibodies against CYP2D6 and b-actin overnight at 4°C. Next day blots were washed and incubated with secondary antibody for one hour at room temperature. Antigen-antibody reactions were detected and quantified using LiCor Odyssey scanner and software (Licor Inc., Lincoln, NE).
Human hepatocyte culture and analysis of changes in CYP2D6 mRNA and activity
Cryopreserved human hepatocytes from three donors (3 females, 9, 45 and 59 years of age) were obtained from Xenotech (Lenexa, KS) and cultured as described previously [27] . CYP2D6 activity was measured by formation of dextrorphan from dextromethorphan (1 lM nominal concentration) over a one-hour incubation. For inhibition studies, vehicle (0.01% ethanol) or bupropion and its metabolites were added in triplicate treatments to the media at concentrations approximately 5 times the measured C ss,avg (bupropion, erythro-hydrobupropion and S,S-OH-bupropion at 2.5 lM, threo-hydrobupropion at 10 lM and R-R-OH-bupropion at 25 lM). Racemic bupropion was used in these experiments due to the rapid chiral inversion of bupropion stereoisomers in in vitro systems. Following the 1 h incubation, the media were analyzed for dextrorphan formation and for bupropion and its metabolite concentrations and the percent decrease in CYP2D6 activity was calculated in comparison to vehicle treated cells. All inhibition studies were conducted in triplicate. To evaluate time dependent changes in CYP2D6 mRNA and activity, plated hepatocytes were treated in triplicate with vehicle or bupropion and its metabolites (bupropion, erythro-hydrobupropion, S,S-OHbupropion at 2.5 lM, threo-hydrobupropion at 10 lM and R-R-OH-bupropion at 25 lM). Media were changed every 24 h to replace depleted inhibitors. After 3 days of treatment (71 h) media were replaced with media containing the inhibitor of interest at the concentrations listed above and dextromethorphan (1 lM), and CYP2D6 activity was measured by dextrorphan formation after a 1 h incubation. The media were collected for LC-MS/MS analysis of dextrorphan and of bupropion and its metabolites at the end of the incubation, and cells harvested for analysis of CYP2D6, CYP3A4 and CYP1A2 mRNA expression. mRNA was extracted and q-RT-PCR conducted as described above for HepG2 cells. The fold change in CYP2D6, CYP3A4 and CYP1A2 mRNA expression was analyzed by the DDCt method using GAPDH as a housekeeping control.
Prediction of decrease in CYP2D6 activity in vivo
DDI risk due to reversible inhibition of CYP2D6 by bupropion and its metabolites was predicted based on steady state concentrations of bupropion enantiomers and their metabolites following a 300 mg/day dose. Due to variable dosing regimens between clinical subjects (150-400 mg/day), bupropion and metabolite concentrations were normalized to 300 mg dose, based on dose independent clearance (linear kinetics). The ratios between the unbound inhibitor concentration ([I] u ) and the unbound inhibition constant (K i,u ) were calculated for each precipitant. The net effect of reversible inhibition on CYP2D6 mediated clearance was predicted according to Eq. (4) accounting for multiple inhibitors as previously described [30, 31] , and assuming that the in vivo substrate circulates at concentrations much below the K m for the substrate towards the inhibited enzyme.
In this equation CL i is the clearance in the presence of n number of inhibitors j, each with concentration [I] u,j and inhibition constant K i,u,j . The unbound IC 50 values were assumed to approximate the K i,u values since the concentration of dextromethorphan used in the in vitro experiments was well below the reported K m value for CYP2D6 ([S] ( K m ) [31] . It has been previously shown that this assumption is applicable for predicting the inhibition by multiple reversible inhibitors regardless of the mechanism (competitive or noncompetitive) of inhibition [30] .
The fraction of CYP2D6 expression remaining in vivo following exposure to bupropion and its metabolites was first predicted for each of the compounds downregulating CYP2D6 alone using the data obtained in HepG2 cells based on the E max and EC 50 values according to Eq. (5) [29] :
in which E max is the maximum fold decrease in CYP2D6 mRNA observed in HepG2 cells, [I] u is the unbound concentration of each of the compounds in plasma at steady state and EC 50 is the concentration of each of the compounds in HepG2 cells that achieved 50% of the maximum downregulation.
The overall reduction in CYP2D6 activity following dosing of 300 mg/day of bupropion to steady state was predicted using a calculation adapted from previous methods of predicting magnitude of clearance changes for a probe in situations with simultaneous CYP induction together with CYP inhibition [32, 33] . Previous modeling studies have not addressed the effect of multiple inducers and downregulators simultaneously affecting CYP expression. Therefore, we adapted the downregulation dose-response model (Eq. (5)) to account for multiple effectors, assuming that each effector binds independently and non-cooperatively to a common receptor. To derive the equation for multiple effectors, let m be the number of distinct effectors, E max,k be the maximum fold decrease in CYP2D6 mRNA due to saturating concentration of effector k, EC 50,k be the concentration of effector k that causes half-maximal fold decrease, and [I] u,k the unbound concentration of effector k. We assume that the putative receptor may be unliganded (free), or bound to any one of the m effectors. Under this framework, the overall fraction of CYP2D6 expression remaining is equal to the average of the residual expression for each state of the receptor (1 for free receptor, or (1 À E max,k ) for the receptor bound to effector k), weighted by the relative occupancy of that state (1 for free receptor, or [I] u,k /EC 50,k for the receptor-effector k complex). This provides the straightforward extension of Eq. (5) that accounts for simultaneous downregulation by multiple effectors operating via a common receptor:
Substituting the relationships for multiple inhibitors (Eq. (4)) and multiple effectors (Eq. (6)) into the original equation published for simultaneous induction and inhibition [32] yields Eq. (7), which predicts the net effect on clearance due to n reversible inhibitors (with [I] u,j and K i,u,j referring to inhibitor j) and downregulation by m independent effectors (with E max,k , [I] u,k and EC 50,k referring to effector k).
For this equation it is assumed that the in vivo substrate with the above CL circulates at concentrations well below the K m value for the inhibited enzyme.
Results
Stereoselective inhibition of CYP2D6 by bupropion and its metabolites in HLMs
R-and S-bupropion, R,R-OH-bupropion, S,S-OH-bupropion, threo-hydrobupropion and erythro-hydrobupropion inhibited CYP2D6 in HLMs with IC 50 values between 3 and 40 lM (Fig. 2 and Table 1) , with S-bupropion, erythro-hydrobupropion and R,R-OH-bupropion being the most potent inhibitors of CYP2D6 in vitro. 4
0 OH-bupropion, threo-4 0 OH-bupropion and erythro-4 0 OH-bupropion had no effect on CYP2D6 activity at 50 lM concentration suggesting these metabolites do not inhibit CYP2D6. The inhibition of CYP2D6 by bupropion and its metabolites was highly stereoselective. S-Bupropion was 14-fold more potent than R-bupropion based on the IC 50 values and R,R-OH-bupropion was 3-fold more potent than S,S-OH-bupropion in inhibiting CYP2D6 (Table 1) . Similarly, erythro-hydrobupropion was nearly 10-fold more potent than threo-hydrobupropion as a CYP2D6 inhibitor.
In order to predict the in vivo inhibition of CYP2D6 by the stereoisomers of bupropion and its metabolites, the steady state concentrations of R-and S-bupropion and R,R-and S,S-OHbupropion were measured together with threo-and erythrohydrobupropion and the 4 0 OH-metabolites in 5 patients ( Table 1) . As the reported clinical DDI studies with bupropion as the precipitant were done with 300 mg/day dose of bupropion, the measured plasma concentrations were normalized to a 300 mg/day dose assuming linear kinetics of bupropion (Table 1) . At steady state, the average R-bupropion concentrations were 2.8-fold higher (p < 0.05) than S-bupropion, and R,R-OH-bupropion concentrations were 13-fold higher than those of S,S-OH-bupropion (p < 0.05) confirming the stereoselective disposition (Table 1) . Similarly, threo-hydrobupropion concentrations were 7.2-fold higher than erythro-hydrobupropion average steady state concentrations. R,R-OH-bupropion was the most abundant species in circulation followed by threo-hydrobupropion. S,S-OH-bupropion, erythrohydrobupropion and R-bupropion circulated at similar concentrations, about 6-fold lower than threo-hydrobupropion and 3-fold higher than S-bupropion. The plasma concentrations of the 4 0 OHmetabolites had the lowest circulating concentrations 2-8-fold lower than S-bupropion.
Using the measured steady state unbound plasma concentrations of bupropion and its metabolites and the unbound stereoselective IC 50 values, the CYP2D6 inhibition in vivo by each of the compounds was predicted (Table 1 ). Due to their high circulating concentrations, R,R-OH-bupropion and threo-hydrobupropion were predicted to result in the highest in vivo CYP2D6 inhibition, 34% and 14% inhibition, respectively. In comparison, the predicted inhibition by the other compounds was negligible 0.3-6.2% (Table 1) . Considering all of the compounds together a net 43% (31-57%) inhibition of CYP2D6 in vivo was predicted allowing identification of the in vivo DDI. However, this inhibition prediction suggests only weak CYP2D6 inhibition in vivo (less than 2-fold AUC change for any CYP2D6 substrate), representing a greater than 5-fold underprediction of the in vivo DDI.
Inhibition of CYP2D6 by bupropion and its metabolites in human suspension hepatocytes, and partitioning of bupropion and its metabolites into hepatocytes
To determine whether the underprediction of in vivo CYP2D6 inhibition could be due to higher unbound concentrations of bupropion and its metabolites in hepatocytes than those predicted from unbound plasma concentrations, CYP2D6 inhibition and cell partitioning of bupropion and its metabolites were assessed in human suspension hepatocytes. The IC 50 values in suspension hepatocytes based on media concentrations were 13 lM (95% C.I.: 10-18 lM) for bupropion, 6.6 lM (95% C.I.: 3.0-14 lM) for OH-bupropion, 8.7 lM (95% C.I.: 6.5-12 lM) for threo-hydrobupropion and 2.9 lM (95% C. I.: 2.3-3.7 lM) for erythro-hydrobupropion (Fig. 3) , and not different from the IC 50 values measured in HLMs. However, the total measured concentrations of bupropion and its metabolites were much greater in the cells than in media. Bupropion had a cell concentration 20-fold higher than that in the medium, OH-bupropion and threo-hydrobupropion concentrations were 11-fold higher in the cells than in medium and erythro-hydrobupropion was 9-fold higher in cells than in medium (data not shown). Yet, due to the small overall volume of the cells, the high partitioning did not significantly decrease the medium concentrations of the inhibitors and medium concentrations were equal to the nominal concentrations added.
Effects of bupropion and its metabolites on CYP2D6 mRNA in HepG2 cells
To test whether bupropion and its metabolites alter CYP2D6 mRNA expression, HepG2 cells were treated with bupropion and its metabolites at 3-5 different concentrations. Bupropion and all Table 1 In vitro CYP2D6 inhibition parameters for bupropion and its metabolites measured in HLMs and the predicted magnitude of CYP2D6 inhibition based on steady state concentration measured in study subjects. of its metabolites decreased CYP2D6 mRNA expression significantly in a dose-dependent manner (Fig. 4) . The downregulation of CYP2D6 by bupropion, S,S-OH-bupropion, threohydrobupropion and erythro-hydrobupropion followed a classic (Fig. 4) . Erythrohydrobupropion was slightly less potent (EC 50 1.11 lM) but resulted in a similar maximum 85% downregulation of CYP2D6. threo-Hydrobupropion was 10-50-fold less potent in downregulating CYP2D6 mRNA (EC 50 9.95 lM) but reached similar maximum downregulation (78%) as the other compounds. Of the tested compounds R,R-OH-bupropion had the weakest effect on CYP2D6 mRNA, and compound solubility and cell toxicity prevented measurement of EC 50 and E max for R,R-OH-bupropion. The downregulation of CYP2D6 mRNA was in excellent correlation with the effects of bupropion and its metabolites on CYP2D6 protein (Fig. 4) . S,S-OH-bupropion and bupropion had the greatest effect on CYP2D6 protein expression (>50% downregulation) with erythro-hydrobupropion being slightly less effective. threoHydrobupropion yielded similar effects on protein expression as erythro-hydrobupropion but only at 4-fold higher concentrations. As predicted from the mRNA data, R,R-OH-bupropion had no effect on CYP2D6 protein expression at the concentrations tested (Fig. 4) . To test whether the down-regulation of CYP2D6 by bupropion is due to similar mechanisms as has been described with all-trans retinoic acid [34] , the possible induction of the small heterodimer partner (SHP) was evaluated with each precipitant. Bupropion and its metabolites had no effect on SHP mRNA at any of the concentrations tested (Fig. 4) .
Prediction of in vivo decrease of CYP2D6 activity by mixed mechanisms by bupropion and its metabolites
The overall effect of bupropion and its metabolites on CYP2D6 activity in vivo was predicted using static IVIVE methods that incorporate multiple precipitants and simultaneous CYP2D6 inhibition and downregulation. Based on the CYP2D6 downregulation in HepG2 cells and the circulating concentrations of bupropion and its metabolites at steady state following 300 mg/day dosing, bupropion was predicted to result in 52% decrease in CYP2D6 mRNA, erythro-hydrobupropion in 18% decrease, threohydrobupropion in 14% decrease, and S,S-OH-bupropion in 56% decrease in CYP2D6 mRNA if any of these compounds acted alone at steady state. R,R-OH-bupropion is not predicted to affect CYP2D6 expression at steady state based on the weak downregulation of CYP2D6 mRNA by R,R-OH-bupropion in HepG2 cells and the lack of effect of R,R-OH-bupropion on CYP2D6 protein expression. The combination of all compounds assuming they all act via the same mechanism and hence may compete for binding to the same nuclear receptor, was predicted to result in an overall 68% decrease in CYP2D6 expression at steady state. Based on the reversible inhibition kinetics, an overall 43% inhibition of CYP2D6 was predicted at steady state of bupropion (Table 1 ) when all inhibitors are accounted for. When the reversible inhibition and the downregulation effects were both accounted for in DDI predictions, an 82% decrease in CYP2D6 activity was predicted following bupropion dosing at 300 mg/day to steady state.
Effects of bupropion and its metabolites on CYP2D6 mRNA and activity in human hepatocytes
To confirm the effects of bupropion and its metabolites on CYP2D6 activity and expression, plated human hepatocytes from three donors were treated with bupropion and its metabolites, and CYP2D6 activity and mRNA expression were evaluated. CYP2D6 activity was measured in a 1 h incubation without a pretreatment and then again after 72 h of treatment with bupropion or its metabolites. During the one-hour incubations at 1 and 72 h, 30-50% depletion of bupropion and its metabolites was observed (Table 2 ), but the concentrations remained above observed circulating concentrations. There was no difference in the medium concentrations of bupropion and its metabolites between the 1 h and 72 h time point incubations (Table 2) . Although the medium concentrations of each precipitant were 3-5 times higher than those observed in circulation, the inhibition of CYP2D6 observed in the 1 h incubations without pretreatment was much smaller in magnitude than the 90% inhibition of CYP2D6 activity observed in vivo (Table 2 ). In contrast, after the 72 h pretreatment, the inhibition of CYP2D6 (60-93%, Table 2 ) approached that observed in vivo. Interestingly, the apparent inhibition of CYP2D6 observed after treatment of the hepatocytes for 72 h with bupropion or its metabolites was much greater than that observed after 1 h despite the lack of any changes in the concentrations of bupropion and its metabolites in cell medium, suggesting time dependent changes in CYP2D6 expression and/or activity during bupropion and metabolite treatment. When CYP2D6 mRNA expression was assessed in the plated hepatocytes following 72 h of treatment, bupropion and its metabolites significantly (P < 0.05) decreased CYP2D6 mRNA expression (Fig. 5) . The mean CYP2D6 mRNA levels were 20% (erythro-hydrobupropion), 18% (threo-hydrobupropion), 28% (R,R-OH-bupropion), 26% (S,S-OHbupropion) and 15% (Bupropion) of the mRNA levels in vehicle treated cells (Fig. 5, Table 2 ). In comparison, no decrease in CYP3A4 or CYP1A2 mRNA was observed following any of the treatments (Fig. 5) , and in one donor R,R-OH-bupropion treatment significantly increased CYP3A4 mRNA, demonstrating that the mRNA downregulation by bupropion and its metabolites is a CYP2D6 specific phenomenon. During the treatment, no significant differences were observed between the initial media concentrations added and the media concentrations at the end of the pretreatment except for bupropion (93% reduction) and R,R-OH-bupropion (33% reduction) (data not shown). In bupropion treated cells, formation of bupropion metabolites was also detected in accordance with the significant depletion of bupropion, but the concentrations of Table 2 Inhibition of CYP2D6 by bupropion and its metabolites in plated human hepatocytes. The initial treatment concentrations were 2.5 lM for bupropion, erythro-hydrobupropion and S,S-OH-bupropion, 10 lM for threo-hydrobupropion and 25 lM for R-R-OH-bupropion at time 0 and at time 71 h. To determine whether the downregulation of CYP2D6 mRNA could quantitatively explain the up to 3-fold increase in apparent inhibition of CYP2D6 by bupropion and its metabolites at 72 h in comparison to 1 h in the plated hepatocytes, the overall decrease in CYP2D6 activity at 72 h was predicted based on the observed inhibition by the individual compounds at 1 h and the observed decrease in CYP2D6 mRNA. The observed decrease in CYP2D6 activity at 72 h was well predicted using the 1 h activity data and downregulation of mRNA with a mild 3-20% overprediction of the effects (Table 2 ). This mild overprediction is likely due to the longer CYP2D6 protein half-life in comparison to the mRNA halflife.
Discussion
The DDI liability of bupropion has been attributed to its circulating metabolites, as the inhibitory potency of bupropion towards CYP2D6 in vitro does not identify the in vivo DDI risk [4, 11] . However, even when the metabolites are accounted for in DDI predictions, the in vivo CYP2D6 inhibition is greatly underpredicted suggesting that other unknown processes in addition to reversible inhibition contribute to the decrease in CYP2D6 activity following bupropion dosing. No prior study has evaluated the stereoselective CYP2D6 inhibition or regulation of CYP2D6 mRNA by bupropion and its metabolites, and whether incorporating stereoselective disposition, CYP2D6 inhibition and regulation would improve DDI predictions or alter the identification of the main inhibitory species.
The disposition of bupropion and OH-bupropion showed considerable stereoselectivity following chronic dosing of bupropion. Qualitatively this finding is consistent with previous data demonstrating stereoselective disposition of bupropion and OH-bupropion following a single oral dose [18, 35] . However, the differences between the stereoisomers were smaller in this study than in previous single dose studies. The R/S bupropion AUC ratio has been reported to be 2.9-6.3 following single dose [18, 35] , but an R/S-ratio of 2.8 was observed in this study at steady state. Similarly, an R,R-OH-bupropion to S,S-OH-bupropion ratio of 44-65 has been observed previously based on single dose AUCs [18, 35] , yet over 4-fold lower R,R/S,S-OH-bupropion ratio of 13 was observed in this study. It is possible that differences in single dose versus multiple dose disposition are responsible for these differences and larger studies are warranted to further establish the stereoselective disposition of bupropion following multiple dosing.
CYP2D6 inhibition by bupropion and OH-bupropion was found to be stereoselective resulting in different contributions of the stereoisomers to CYP2D6 inhibition in vivo. S-Bupropion, despite its 3-fold lower circulating concentrations had a 5-fold higher I/ K i than R-bupropion due to the 14-fold more potent inhibition of CYP2D6 by S-bupropion than R-bupropion. R,R-OH-bupropion was 3-fold more potent inhibitor of CYP2D6 than S,S-OHbupropion, and due to the 13-fold higher steady state concentration of R,R-OH-bupropion in comparison to S,S-OH-bupropion it had a 36-fold higher I/K i . In fact, R,R-OH-bupropion had the highest I/K i value of all the compounds, 0.5, and over half (65%) of the CYP2D6 inhibition in vivo was predicted to be caused by R,R-OHbupropion. In previous studies, threo-hydrobupropion has been considered to be responsible for majority of the CYP2D6 inhibition [11] . However, the stereoselective data shown here demonstrate that in fact threo-hydrobupropion accounts only for approximately 21% and erythro-hydrobupropion another 9% of the CYP2D6 inhibition in vivo. The differences between the relative contributions of the inhibitors between current study and previous work are likely due to the stereoselective CYP2D6 inhibition and bupropion disposition. The K i -values measured before for racemic bupropion and OH-bupropion [11] are in good agreement with the mean values of the stereoisomers observed here. While erythrohydrobupropion was previously found to be the most potent CYP2D6 inhibitor in vitro, the stereoselective analysis shows that it has similar potency with R,R-OH-bupropion and S-bupropion. Of note, only threo-hydrobupropion and R,R-OH-bupropion I/K i values were higher than the 0.1 cutoff for DDI risk assessment, demonstrating the necessity of stereoselective DDI assessment of chiral drugs. Finally, the novel 4 0 OH-metabolites of bupropion, threo-hydrobupropion and erythro-hydrobupropion did not inhibit CYP2D6 at clinically relevant concentrations demonstrating that these metabolites are unlikely to contribute to in vivo CYP2D6 inhibition. Overall, consistent with previous work, even after accounting for all the metabolite contributions, only weak in vivo CYP2D6 inhibition is predicted based on the reversible CYP2D6 inhibition, resulting in a significant underprediction of the DDI potential of bupropion.
Hepatic partitioning of the inhibitory species has been proposed as an explanation for the underprediction of the bupropion DDIs. In agreement with previous work that demonstrated hepatic partitioning of radioactivity following administration of labeled bupropion and OH-bupropion in rats [11] , significant partitioning of bupropion and its metabolites into human hepatocytes was observed in this study. Yet, the IC 50 values in suspension hepatocytes were not different from those observed in human liver microsomes in this study and were nearly identical to the K i values measured in HLMs previously [11] . This suggests that high nonspecific binding to the hepatocyte protein or sequestration to intracellular organelles rather than active uptake of bupropion into hepatocytes is responsible for the high liver partitioning. Taken together these findings show that reversible inhibition of CYP2D6 by bupropion and its metabolites cannot explain the in vivo CYP2D6 DDIs.
It has been generally believed that CYP2D6 is not inducible by xenobiotics and hence CYP2D6 induction is typically not evaluated in DDI screening workflows. However, it has been shown that CYP2D6 expression and activity are significantly increased during pregnancy [34, 36] , and this increase has been proposed to be related to changes in retinoic acid concentrations during pregnancy [34, 37] . Importantly, retinoic acid and the farnesoid X receptor agonist GW4064 have been shown to downregulate CYP2D6 transcription via increasing the expression of SHP [23, 34] , demonstrating that transcriptional regulation of CYP2D6 by xenobiotics is possible. Based on these findings, the possible suppression of CYP2D6 mRNA by bupropion and its metabolites was evaluated in this study. In both HepG2 cells and human hepatocytes bupropion and its metabolites were shown to significantly suppress CYP2D6 transcription and the dose-response data together with steady state concentrations predict that in vivo, following bupropion dosing, CYP2D6 mRNA expression will be decreased by 68%. However, bupropion and its metabolites had no effect on SHP mRNA demonstrating that bupropion and its metabolites regulate CYP2D6 mRNA expression by a novel mechanism. Importantly, no effect of bupropion and its metabolites on the mRNA of CYP3A4 and CYP1A2 was observed in human hepatocytes demonstrating that the observed downregulation is CYP2D6 specific. Overall, the downregulation of CYP2D6 mRNA by bupropion and its metabolites together with the competitive inhibition appears to explain the observed in vivo decrease in CYP2D6 activity. The predicted 82% decrease in CYP2D6 activity in vivo after bupropion dosing is in excellent agreement with the observed approximately 90% decrease in CYP2D6 activity. It is, however, noteworthy that this prediction requires consideration of reversible inhibition and CYP2D6 downregulation by bupropion and its metabolites, and that bupropion and its metabolites are assumed to downregulate CYP2D6 expression via the same receptor. Further studies characterizing the mechanism of how bupropion and its metabolites regulate CYP2D6 are needed to fully demonstrate the interactions between bupropion and its metabolites in regulating CYP2D6. Regardless, as both S,S-OH-bupropion and bupropion alone are predicted to decrease CYP2D6 mRNA by about 50%, CYP2D6 downregulation is likely to be a major component in the in vivo observed decrease in CYP2D6 activity following bupropion dosing. Also in agreement with the prediction, in the plated human hepatocytes the observed CYP2D6 inhibition was significantly greater after 72 h of treatment with bupropion or its metabolites than in the absence of pretreatment, despite the fact that the concentrations of bupropion and its metabolites were similar in the inhibition experiments. This increase in apparent CYP2D6 inhibition could be quantitatively explained by the decrease in CYP2D6 mRNA expression and it is expected that similar phenomenon occurs in vivo. It should be noted, however, that it is possible that CYP2D6 protein half-life is longer that the hepatocytes treatment period and that the activity measurement might not be done at protein steady state.
To the best of our knowledge, this is the first example of a xenobiotic causing a drug-drug interaction via CYP2D6 downregulation. At present there are no examples of clinical DDIs resulting from down-regulation of any CYP enzyme by an approved drug, although downregulation of CYP2B6 by an investigational compound has been reported [29] . Current FDA and EMA guidance recommend induction studies with CYP1A2, CYP3A4 and CYP2B6, and CYP2C in some cases, and the EMA also acknowledges that concentration dependent down-regulation of CYPs could be monitored in the same system. However, down-regulation appears to not be systematically assessed in current drug development workflows. Critically, evaluation of CYP2D6 induction is not recommended as CYP2D6 is not considered to be inducible by xenobiotics. The data presented here suggest that systematic evaluation of CYP downregulation and CYP2D6 regulation by xenobiotics is warranted, to determine whether bupropion is a unique example of a xenobiotic that can cause CYP2D6 downregulation or there are other xenobiotics that downregulate (or induce) CYP2D6 expression.
In conclusion, this study shows that bupropion and its metabolites inhibit CYP2D6 stereoselectively and the different enantiomers have significantly different contributions to in vivo DDIs. However, this study clearly demonstrates that reversible inhibition alone is not sufficient to explain observed decreases in CYP2D6 activity following bupropion dosing. The results of this study show that bupropion and its metabolites downregulate CYP2D6 mRNA expression and that this downregulation together with the reversible inhibition can quantitatively predict and explain the observed DDIs between bupropion and CYP2D6 substrates. Taken together this study shows that down-regulation of CYPs including CYP2D6 can result in potent in vivo DDIs with major clinical consequences and further studies in this area are needed.
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